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Abstract
Objectives/Hypothesis—The objective of this study was to assess the appropriateness of 
hearing aid fittings within a sample of adult cochlear implant recipients who use a hearing aid in 
the contralateral ear (i.e., bimodal stimulation).
Methods—The hearing aid gain was measured using real ear testing for 14 post-lingually deaf 
English speaking adults who use a cochlear implant in the contralateral ear. Unaided and aided 
audiometric testing assessed the degree of functional gain derived from hearing aid use.
Results—On average, the target to actual output level difference was within 10 dB only at the 
tested frequencies of 750 Hz and 1000 Hz. Only 1 of the 14 study participants had a hearing aid 
for which the majority of the tested frequencies were within 10 dB of the target gain. In addition, a 
greater amount of functional gain (i.e., the increase in unaided behavioral thresholds after 
amplification) was provided for lower frequencies than the higher frequencies.
Conclusions—Hearing aid settings in our sample were suboptimal and may be regarded as a 
contributing factor to the variability in bimodal benefit. Refining hearing aid fitting strategies 
tailored to the needs of the concurrent cochlear implant and hearing aid user is recommended.
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INTRODUCTION
Historically, the indications for cochlear implants (CIs) in adults were limited to bilateral, 
severe-to-profound deafness with little or no appreciable benefit from conventional acoustic 
amplification.1 Advances in technology, surgical practice and greater familiarity and 
acceptance of CIs among patients have lead to expansion of the indications for implantation. 
Currently many adult CI candidates present with some degree of residual hearing in the 
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contralateral ear. In these individuals, concurrent use of electrical stimulation from a CI in 
one ear and acoustical stimulation from a hearing aid (HA) in the contralateral ear confers 
functionally significant advantages compared to CI use alone. Improvements are noted in 
sound localization and measures of speech perception in both quiet and noisy conditions.2–7 
Superior performance on vowel and consonant identification and sentence recognition tasks 
has been reported as early as 6 month post-CI with demonstrable improvement for up to 12 
months post-CI.8 These benefits are believed to be derived from the processing of speech via 
a cochlear implant in addition to the low-frequency speech cues that may be provided by a 
HA.9
There is a great deal of unexplained variability, however, in the degree of functional benefit 
observed with concurrent CI and HA use.3 For example, some individuals demonstrate 
benefit of bimodal stimulation under quiet, but not noisy conditions. Furthermore, some 
individuals even demonstrate poorer performance on measures of speech perception when 
HA input is added.9 Variability could be introduced by differences in the degree of baseline 
hearing loss in the non-implanted ear or divergent HA and CI usage among participants. 
Another possible contributing factor is relative inadequacy of HA fittings in the setting of 
concurrent CI and HA use. Although work has been done demonstrating the enhancement of 
bimodal benefits by fine-tuning HA fitting with the CI in children, this issue has gone 
unaddressed in adults.2 Ching et al. report in their assessment of amplification requirements 
of 16 children with CIs that the frequency response prescribed by the National Acoustics 
Labs, Revised, Profound (NAL-RP) algorithm was appropriate on average, but fine-tuning 
may be necessary for the individual. The purpose of the current study was to assess 
appropriateness of HA fitting in post-lingually deaf adults concurrently using CI’s.
MATERIALS AND METHODS
Fourteen post-lingually deaf English speaking adults – 9 female and 5 male – concurrently 
using a behind-the-ear (BTE) HA and a multichannel CI were included in this study. All 
study participants had fully inserted electrode arrays and were implanted at Indiana 
University School of Medicine between the years of 1998 and 2008. All had at least 6 
months of CI experience at the time of testing. Prior to implantation, all participants had 
pure tone averages (i.e., behavioral threshold average of 500 Hz, 1000 Hz, and 2000 Hz) in 
the severe-to-profound range (i.e., ≥ 71 dB HL). Participant characteristics and information 
on CI and HA model are shown in Table I.
Unaided and aided audiometric testing was completed using a Grason-Stadler GSI-61 
audiometer (Eden Prairie, MN) in a sound attenuated booth. Aided behavioral thresholds 
were obtained with the participant’s HA on user-preferred settings and their CI turned off. A 
tone stimulus transduced through a ten-inch wall-mounted speaker was presented at 0° 
azimuth. Unaided behavioral thresholds were obtained using tones routed through foam ear 
inserts to the non-implanted ear. The standard clinical ascending/descending method with 
incremental increases of 5 dB and decreases of 10 dB was used.
Real-ear testing was conducted using the RM500SL portable real ear/HA analyzer 
(AudioScan, Dorchester, Ontario, Canada). Target gain measures were obtained using the 
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Desired Sensation Level [input/output] algorithm for adults (DSL – Adult[i/o]). The 
objective of the DSL-Adult[i/o] algorithm is to provide maximum audibility while 
maintaining comfortable loudness across all listening environments and to provide hearing 
instrument output limiting targets that vary as a function of frequency and hearing level.9
Actual real-ear measurements were performed after inputting the unaided behavioral 
thresholds and selecting the real-ear analyzer’s “Speechmap” function. The “Carrot 
Passage” was used to assess HA output. This speech-shaped stimulus can be presented at 
multiple signal levels (i.e., 55 dB SPL, 65 dB SPL, 70 dB SPL, and 75dB SPL). For this 
study, data from the 65 dB SPL presentation level was obtained; this level represents average 
conversational speech.
A 1-mm diameter silicone probe-microphone was inserted into the study participant’s ear 
canal (28 mm for women; 30 mm for men) distal to the reinserted and activated HA in order 
to reach within 2–3 mm of the tympanic membrane. Prior to testing, the system was 
calibrated per the manufacturer’s instructions. Participants were positioned approximately 
24 inches from the test speaker and instructed to minimize head movement during testing. 
Otoscopy was performed prior to initiation of real-ear measurements to ensure canal 
patency. Participants were tested using their preferred HA volume control settings.
RESULTS
An example real-ear HA target output gain from participant I’s HA is presented in Table II. 
The target and actual output in dB SPL is provided for the frequencies 250 Hz, 500 Hz, 750 
Hz, 1000 Hz, 2000 Hz, 4000 Hz, and 6000 Hz. In addition, the difference between these two 
measures in dB SPL is provided for each frequency. A positive value indicates that the HA 
was providing more gain than the suggested target, and a negative number indicates that the 
HA was providing less gain than the suggested target. For participant I, only one target was 
met (i.e., 250 Hz). All other actual outputs were greater than 5 dB below the target gain as 
prescribed by the DSL – Adult[i/o] algorithm.
Table III provides the difference measures for the target and actual HA output for all study 
participants. For 4 out of 14 study participants target outputs were generated at all 
frequencies. Blank cells represent frequencies for which targets could not be accurately 
generated due to inaccurate entry of behavioral threshold data. None of these particular 
behavioral thresholds, though, could be obtained to the limits of the audiometer. One 
participant’s hearing aid out of the 14 came close to matching the desired level (participant 
VI.). At 250 Hz, 2/13 participants’ hearing aids were within 2 dB of the target, 2/13 were 
within 5 dB of the target, and 5/13 were within 10 dB of the target. At 500 Hz, 0/14 
participants’ hearing aids were within 2 dB of the target, 1/14 was within 5 dB of the target, 
and 5/14 were within 10 dB of the target. At 750 Hz, 3/12 participants’ hearing aids were 
within 2 dB of the target, 4/12 were within 5 dB of the target, and 6/12 were within 10 dB of 
the target. At 1000 Hz, 1/12 participants’ hearing aids were within 2 dB of target, 4/12 were 
within 5 dB, and 6/12 were within 10 dB. At 2000 Hz, 0/8 were within 2 dB of the target, 
1/8 was within 5 dB, and 1/8 was within 10 dB of the target. At 4000 Hz, 0/10 were within 
2, 5 or 10 dB of the target. At 6000 Hz, 0/6 were within 2, 5, or 10 dB of the target.
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Thresholds as a function of frequency in the unaided and aided condition are shown in 
Figure 1A. Mean functional gain from HA use as a function of frequency is shown in Figure 
1B. For instances where no response was obtained to the limit of the audiometer, 130 dB 
was used as the threshold to estimate functional gain at that frequency. Participants 
demonstrated higher functional gain for 250 Hz, 500 Hz, 750 Hz, and 1000 Hz compared to 
the gain at 2000 Hz, 3000 Hz, 4000 Hz and 6000 Hz. A one-way ANOVA analysis revealed 
that the functional gain was significantly different across frequencies [F(8,89) = 6.51, 
p<0.0001. Post hoc Bonferroni analyses revealed that the gain at 750 Hz was significantly 
greater than the gain at 4000 Hz (p < 0.0001) and at 6000 Hz (p < 0.0001).
DISCUSSION
With evolving indications, more patients are presenting for implantation with some degree 
of serviceable hearing in the contralateral ear. Bimodal aural stimulation has been shown to 
positively affect several dimensions of speech and language.3–4, 9 Significant, unexplained 
variability, however, has been observed in the benefit that can be obtained from a 
contralateral hearing aid.10 Suboptimal HA fitting is one explanation that has received little 
attention as a source of this variance. The purpose of our study was to determine if the HA 
settings used in a sample of concurrent CI users provided appropriate amplification and 
functional gain.
We found a minority of participants with optimal HA target-to-actual output performance 
upon real-ear testing. Frequencies 750 Hz and 1000 Hz were the only for which the average 
mean difference from target gain to actual HA output across all participants was within 10 
dB (Table III). Only one of fourteen hearing aids (i.e., participant VI) had a majority of 
actual outputs within 10 dB of the target range. It should also be noted, however, that 
providing appropriate gain beyond 2000 Hz for profound hearing losses is challenging if not 
impossible.11 All of the participants in this study had profound hearing losses beyond 2000 
Hz, and consequently, adequate hearing aid gain cannot be provided for these individuals at 
higher frequencies. Considering the amount of aidable hearing in the low frequencies, 
however, it is somewhat surprising that more appropriate gain was not provided at the low 
frequencies (i.e., 250 Hz and 500 Hz).
It has been demonstrated that optimal HA fittings provide gain within 10 dB of the target 
gain.12 Jenstad et al. demonstrated that optimal performance on speech intelligibility – 
indexed by consonant identification –was maintained in the low frequency range from 5 dB 
above DSL[i/o] targets to 10 dB below DSL[i/o] targets; and in the high frequency range 
optimal performance was maintained from DSL[i/o] targets to 10 dB below DSL[i/o] targets. 
Our finding that none of the 7 frequencies tested here were on average within 5 dB of the 
DSL[i/o] target and only 2 frequencies (750 Hz, 1000 Hz) on average were within 10 dB of 
the DSL[i/o] target is, therefore, clinically significant. Inadequate fitting may be a major 
contributing factor to the variability reported in benefit from bimodal stimulation – why 
some individuals benefit in terms of terms of improved speech perception, especially in 
noisy conditions, and others do not.3, 9
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The purpose of the DSL[i/o] algorithm is to provide maximum audibility while maintaining 
comfortable loudness across all listening environments.12–13 There is, however, no validated 
procedure for selecting HA settings for individuals concurrently receiving electrical input 
from a CI.2 Most individuals receiving bimodal input are fitted with their HA prior to and 
independently from their CI. It has been shown in children that fine-tuning HA’s by an 
average of 6 dB from the prescribed level to achieve a better loudness balance with a CI 
confers superior performance on measures of speech perception and sound localization than 
CI use alone.2 Some have recently advocated the use of a structured bimodal fitting strategy 
using loudness scaling for both CI’s and HA.14–15
Although the target outputs were almost universally suboptimal, participants in our sample 
did demonstrate a degree of functional gain in the low frequency range as revealed in Figure 
1B. Considering the fact that the study participants had behavioral thresholds within an 
aidable range at the lower frequencies (i.e., 250 Hz, 500 Hz, and 750 Hz) it is not surprising 
that more functional gain was obtained for the low frequencies compared to the higher 
frequencies. It is recognized that individuals with high frequency hearing loss do not enjoy 
the same degree of benefit from amplification as those with a predominantly low frequency 
or combined low-high frequency loss and the degree of benefit reported is often unrelated to 
hearing aid gain and frequency response.11
CONCLUSION
These data suggests that HA settings are suboptimal in deaf adults concurrently using CIs. It 
might be possible that the large degree of variability observed in performance with bimodal 
stimulation could be in part related to poor HA fitting. Despite the poor target-to-actual 
output performance of HA’s in this sample, participants demonstrated functional gain with 
their HA, especially in the low frequency range. More appropriate HA settings achieved by 
refining fitting strategies tailored to the needs of concurrent CI/HA users may broaden the 
degree of benefit observed from bimodal stimulation.
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Fig. 1. 
(A) Hearing level (dB) as a function of frequency (Hz) for aided (dashed line) and unaided 
(solid line) conditions. (B) Hearing aid functional gain (dB) as a function of frequency (Hz). 
The x-axis represents frequency for each study participant. The y-axis represents mean 
functional gain across all participants. Error bars show one standard deviation from the 
mean.
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